The effect of titanium and nitrogen addition on Hadfield steels was investigated. In order to do this, two grades of steels were produced in terms of titanium and nitrogen addition. The final samples had their microstructure characterized and their mechanical properties were evaluated by uniaxial tensile and Charpy impact tests. Furthermore, the wear resistance was measured by dry sand rubber wheel abrasive tests. Microscopy analyses demonstrated that the precipitation of titanium carbonitrides resulted in a coarse microstructure, with large columnar grains coexisting with equiaxed ones. Consequently, these samples presented lower mechanical properties in comparison with the samples without titanium and nitrogen, which showed a finer microstructure. On the other hand, the presence of hard Ti(C, N) precipitates in the microstructure improved the abrasive wear performance of the steel during the abrasive tests.
Effect of titanium and nitrogen inoculation on the microstructure, mechanical properties and abrasive wear resistance of Hadfield Steels
Materials and methods
Two grades of Hadfield steels were produced using an open induction melting furnace with 2,000 kg of capacity with the metal being poured using a ladle with a capacity of 300kg. One heat was produced for each grade, and the treatment of inoculating titanium and nitrogen was performed in the ladle. The samples without the addition of Ti and N were deoxidized in the induction furnace with 0.1% (wt.%) of calcium silicon and 0.03% (wt.%) of aluminum. On the other hand, the samples containing titanium and nitrogen were deoxidized using the same procedure, and ferrotitanium, nitrogen-rich ferromanganese and aluminum were added to the ladle during the metal transfer from the furnace, with the objective to add 0.1% of Ti (wt.%), 0.03% of N (wt.%) and 0.04% of Al (wt.%). Aluminum was added with the objective to induce the precipitation of titanium carbonitrides. Three Y-blocks (approximately 10kg) for each composition were cast using a pouring temperature of 1480 °C, and the excess metal was returned to the furnace. The chemical composition was determined by optical emission spectroscopy using a SPECTROMAXx spectrometer. Samples for chemical composition analysis were cut from one of the cast Y-blocks for each produced grade. Table 1 indicates the chemical composition of the produced samples. Samples 12Mn and 12MnTi are in accordance with grade A of ASTM A128 standard and samples 12MnCr and 12MnCrTi with grade C of the same standard.
Samples were then solution heat treated at 1090 °C for 3 hours of soaking time followed by water quenching. After the standard metallographic procedure of grinding and polishing, some samples were selected and etched using a 2:2:1 (H 2 O, HCl, H 2 O 2 ) solution for macrographic investigation, whereas another group of samples was etched using a 4% Nital solution (Kuyucak, 2004) in order to characterize their microstructure.
The specimens for tensile tests, V-notched Charpy impact testing and dry sand rubber wheel abrasion tests were cut and prepared by electrical discharge machining (EDM), with geometry and dimensions given by ASTM-E8M, ASTM-E23 and ASTM-G65 standards, respectively. Tensile tests were performed at room temperature on an INSTRON 5583 device, using a strain rate of 5x10-4 s-1until rupture. Charpy V-notch impact test were performed also at room temperature on a Wolpert PW30/15 equipment using a load of 300J. And finally, abrasion tests were performed according to procedure A of the standard ASTM-G65: 130 N load 6000 revolutions, using sand with an AFS fineness number between 40 and 50.
The microstructure and wear surfaces were analyzed using a FEI Inspect S50 scanning electron microscope equipped with an EDAX EDS System. 
Introduction
It is estimated that the mining industry represents 6.2% of the global energy consumption in the world, being 40% of this consumed energy used to overcome friction. With the development of technologies to promote friction reduction and wear protection, losses regarding this subject can be dramatically reduced. Additionally, the equivalent of 20% of the energy consumed in the mining industry is used to remanufacture and replace worn out parts and equipment due to wear failures (Holmberg et al., 2017) .
Hadfield Steels are used as a protection against wear in crushing equipment, due to their combination of high impact resistance and elevated strain hardening capacity. Typically, Hadfield steels have a chemical composition of 1.2%C and 12%Mn, with a Charpy V-notch impact resistance around 140J/cm 2 . In ideal working conditions, the strain hardening leads to an increase of hardness of the material surface, and consequently, the development of its known wear resistance (Subramanyam et al., 1990) .
Despite the consolidated literature regarding the production (Subramanyam et al., 1990; Kuyucak, 2004; Kuyucak et al., 2004) and studying of the deformation mechanisms (Adler et al., 1986; Canadinc et al., 2008; Chen et al., 2017; Dastur; Leslie, 1981; Sehitoglu, 2010; present in Hadfield steels, the relationship between microstructural aspects, such as grain refinement and precipitates, as well as wear resistance are not yet well established. Some authors suggest that the addition of titanium results in grain refinement for Hadfield steels and the increase of wear resistance as a result of a finer microstructure (Limooei; Hosseini, 2012; Magdaluyo et al., 2016; Najafabadi et al., 2014) . The precipitation of Ti(C, N) could contribute to the increase of nucleation sites, and consequently, finer microstructure (Kucharczyk et al., 2003) . However, the grain refinement theory of cast metals using inoculation indicates that the lattice mismatch between precipitates and matrix should also be considered (Liu et al., 2017) . A low lattice mismatch between matrix and particle can indeed increase the nucleation rate. On the other hand, Siafakas et al. (2017) observed that the relationship between γ-iron and Ti(C, N) tends to be incoherent. It could result in fewer nucleation sites and coarser grains when compared with materials presenting coherency between matrix and precipitates.
Thus, the aim of this study was to verify the influence of the addition of titanium and nitrogen on the microstructure, mechanical properties, and abrasive wear resistance of Hadfield steels. Figure 1 shows the macrographs of the produced samples, which depicts details of the effect of titanium and nitrogen addition on the material's morphology. The samples with the addition of Ti and N presented a significant increase in the columnar solidification zone and equiaxed grain size. The co-lumnar morphology observed in the samples containing Ti and N additions is related to the presence of incoherent precipitates, which is in accordance with the findings published by Siafakas et al. (2017) . Essentially, these precipitates are titanium carbonitrides, Ti(C, N), which were detected by SEM/EDS (see Figure   2 ). Furthermore, the same SEM/EDS analysis also indicated that part of these titanium carbonitrides precipitated with the help of aluminum oxide inclusions as seen in Figure 2 . Previous studies demonstrate that these precipitates are formed before the solidification of the matrix (Siafakas et al., 2016 (Siafakas et al., , 2017 . Figure 3 shows the presence of titanium carbonitrides inside an interdendritic carbide and at grain boundaries. The formation of Ti(C, N) from an aluminum oxide inclusion can also be observed, as previously discussed. This morphology suggests that Ti(C, N) precipitates preferentially remained in the liquid phase and are entrapped by dendritic arms or neighboring grains during the solidification process. Furthermore, Siafakas et al.(2017) demonstrated that spinel (MnAl 2 O 4 -MgAl 2 O 4 ) had a lower lattice mismatch with γ-iron and could be a more effective grain refiner. It may explain the morphology of the samples 12Mn and 12MnCr (without the addition of titanium and nitrogen), whose presence of spinel inclusions from the furnace lining material could have led to the observed grain refinement effect. On the other hand, the formation of complex titanium carbonitrides from the aluminum oxide precipitates increases the mismatch between precipitates and the matrix, resulting in fewer nucleation sites and coarser grains. However, further investigation is necessary to evaluate this hypothesis. Figure 4 shows the tensile test curves obtained for each of the studied alloys, while Table 2 presents a summary of the mechanical property values as well as the Charpy impact results. The two factors that most affected tensile tests results were chemical composition and grain size. The addition of chromium increased yield strength of both 12MnCr and 12MnCrTi materials, which is consistent with classical literature (Subramanyan et al., 1990) . Grain size negatively affected both yield strength and strain hardening capacity. Coarsened grains as a consequence of the addition of titanium and nitrogen reduced the yield strength of both 12MnTi and 12MnCrTi samples. The effect of grain size on yield strength is expected according to the Hall-Petch law. The strain hardening capacity was negatively affected by the increase in grain size, which is in agreement with the results observed by and Venturelli et al. (2018) . Nevertheless, these authors diverge on their conclusion about the mechanism that leads to this difference in strain hardening capacity. Venturelli et al. (2018) attributed the increase in the strain hardening coefficient in fine mi-crostructures to an increase in the twin density. On the other hand, suggested that the increase in the strain hardening coefficient in a fine grain microstructure is related to a stronger slip activity. Figure 5 compares the differences between the microstructures of samples 12MnCr and 12MnCrTi after the tensile tests. Mechanical twins can be observed in the samples, and due to the deep etching applied to the samples, the presence of deformations bands can also be observed (Qian et al., 2011) . The different patterns of deformation can be attributed to the difference in the degree of deformation in different grains or different regions of the same grain. Even in the same grain, different patterns may also be generated because of different local constraints resulting from the grain boundaries and the surrounding grains. The effect of titanium and nitrogen addition on the impact resistance led to contradictory observations. The 12Mn sample depicted a small increase in im-pact resistance, whereas sample 12MnCr presented a slight decrease in the same property. Despite this decrease observed in the 12MnCrTi case, the obtained results are consistent with the expected values for Hadfield steels (Subramanyan et al., 1990; Kuyucak, 2004; Venturelli et al., 2018) . Table 3 and Figure 6 show the results of dry sand rubber wheel abrasion tests. For both of the studied steels, it is suggested that the addition of titanium and nitrogen significantly increased the wear resistance. Samples 12Mn and 12MnCr had a volume loss of 22% and 14% greater than those with Ti and N, respectively. (Tressia et al., 2017) . The worn surface of sample 12MnCr exhibits the presence of embedded abrasive particles in the matrix at different stages of aggregation, indicated by the secondary electron images showing particles at different depths.
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In sample 12MnCrTi, it was possible to observe the presence of Ti(C, N) precipitates on the worn surfaces. The precipitates were fractured by the abrasive particles, but the fractured particles remained at the sample matrix. Thus, it is reasonable to assume that the presence of hard Ti(C, N) precipitates distributed in matrix contributed to the increase in the wear resistance. Those precipitates protected the surface against the action of the abrasive particles, reducing the volume loss during the wear tests. It could be estimated that the precipitates represent a 0.2% volume fraction in the matrix (Zhang, 1993) . These strongly embedded precipitates may absorb a part of the external load and reduce the sliding action of abrasive particles, acting act as a barrier. Carbides or hard precipitates embedded in a soft matrix can substantially reduce the abrasive wear loss (Zum Gahr, 1987) .
Further investigation is needed to evaluate the mechanical behavior of Hadfield steels under gouging or impact abrasion conditions. It is expected that a higher strain hardening capacity may provide a harder work surface and, consequently, a material with more resistance against wear. This was not observed in the wear results obtained in this study, suggesting that the observed precipitates in the samples with Ti and N additions play an important role in the wear mechanisms of these materials. The competition between a superior strain hardening capacity and the abrasive wear resistance provided by Ti(C, N) precipitates should be evaluated in futures studies.
-Microstructural characterization
revealed that the addition of titanium and nitrogen on two grades of Hadfield steel resulted in a microstructure with coarser columnar and equiaxed grains.
2 -The presence of Ti(C, N) pre-cipitates inside the interdendritic carbides suggests that Ti(C, N) precipitates are entrapped by dendritic arms or neighboring grains during the solidification process. 3 -Tensile properties were negatively affected, with a significant loss on both yield and tensile strength. Elongation and impact resistance were not significantly affected.
4 -The presence of hard Ti(C, N) precipitates increased the wear resistance in dry sand rubber wheel abrasion tests. 
Conclusions
